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Proteins adsorbed on nanoparticles (NPs) are being used as biosensors and
in drug delivery. However, our understanding of the effect of NPs on the
structure of proteins is still in a nascent state. In this work we report
the unfolding behavior of the periplasmic domain of the ToxR protein
(ToxRp) of Vibrio cholerae on zinc oxide (ZnO) nanoparticles with a diam-
eter of 2.5 nm. This protein plays a crucial role in regulating the expression
of several virulence factors in the pathogenesis of cholera. Thermodynamic
analysis of the equilibrium of unfolding, induced both by urea and by gua-
nidine hydrochloride (GdnHCI), and measured by fluorescence spectros-
copy, revealed a two-state process. NPs increased the susceptibility of the
protein to denaturation. The midpoints of transitions for the free and the
NP-bound ToxRp in the presence of GdnHCI were 1.5 and 0.5 M respec-
tively, whereas for urea denaturation, the values were 3.3 and 2.4 M,
respectively. Far-UV CD spectra showed a significant change in the protein
conformation upon binding to ZnO NPs, which was characterized by a
substantial decrease in the a-helical content of the free protein. Isothermal
titration calorimetry, used to quantify the thermodynamics of binding
of ToxRp with ZnO NPs, showed an exothermic binding isotherm
(AH = -9.8 kcal'mol™" and AS = —5.17 cal'mol K ™").

Introduction

Adsorption of proteins on solid surfaces, a topic of
intense research activities in recent years, strongly
depends on the nature of the protein, the surface
geometry and the physicochemical characteristics of
the solid surface [1-3]. Because of their small size,
nanoparticles (NPs) can enter almost all areas of the
body, including cells and organelles. In the biological
milieu, they become coated with proteins, which may
undergo conformational changes, thereby affecting the

Abbreviations

downstream regulation of protein—protein interactions,
cellular signal transduction and transcription of DNA
[4-7]. Conformational transition, leading to peptide
aggregation and the formation of amyloid fibrils, has
been implicated in the pathogenesis of several neurode-
generative diseases, and it has been shown that NPs
with specific surface chemistry can inhibit the fibrilla-
tion of the disease-associated amyloid B protein (Ap)
[8,9]. Various specific and nonspecific interactions,

GdnHCI, guanidine hydrochloride; ITC, isothermic titration calorimetry; NP, nanoparticle; pl, isoelectric point; ToxRp, periplasmic domain of

ToxR; UV, ultraviolet; ZnO, zinc oxide.
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such as electrostatic, hydrogen bonding and hydropho-
bic interactions, between the protein and the adsorbent
determine how the structure and stability of proteins
are affected [10—12]. Gold, silica and carbon nanotubes
have been extensively used for protein attachment [13—
16]. In this study, we chose zinc oxide (ZnO) NPs
(which have received considerable attention because of
their unique properties) as ultraviolet (UV) light-block-
ing materials, especially of light in the UV-A region
[17,18]. It has recently been reported that ZnO NPs
exhibit a strong preferential ability to kill cancerous
T cells, compared with normal cells, by inducing apop-
tosis [19,20].

The causative agent of the endemic and epidemic
disease cholera is the Gram-negative bacterium Vib-
rio cholerae, which contains a number of virulence
genes, including cholera toxin (ctxAB), and several
other genes involved in the pathogenesis of the organ-
ism, such as the accessory cholera enterotoxin (ace)
and the zonula occludens toxin (zof). In V. cholerae, the
signal-transduction protein ToxR functions as the reg-
ulator that controls the transcription of virulence
genes, such as cholera toxin (ctxAB), by binding to the
heptamer motif TTATGAT in the cholera toxin pro-
moter [21,22]. It is an integral membrane protein
(Swiss-Prot entry P15795), which is anchored in the
membrane by a single membrane-spanning segment
consisting of 16 amino acids, with its N- and C-termi-
nal domains facing the cytoplasm (180 amino acid resi-
dues) and the periplasm (96 amino acid residues),
respectively. To act as a transcriptional activator of
ctxAB, ToxR requires the dimerization of its C-termi-
nal periplasmic domain [23,24].

Usually, model enzymes, such as lysozyme, chymo-
trypsin, BSA, carbonic anhydrase and RNase A, or
small electron-transfer proteins, such as cytochrome c,
are used in studies with NPs [25-29]. Many more pro-
teins of diverse functions need to be brought within
the ambit of such studies to develop a coherent view
of the applicability of NPs in biotechnology. Here we
analyzed, using different spectroscopic methods, the
conformational changes of the periplasmic domain of
ToxR (ToxRp) [30] induced by the interaction with
ZnO NPs of 2.5 nm in size (quite comparable to the
size of the protein). Urea- and guanidine hydrochloride
(GdnHCl)-induced unfolding curves of the free and the
adsorbed ToxRp indicate a two-state process. The sig-
nificant conformational changes induced by ZnO NPs
may be attributed to strong electrostatic interactions
between the protein and the NPs. This work, we
believe, is the first attempt to quantify the impact
of ZnO NPs upon the stability of any transcriptional
activator.

Effect of ZnO NPs on ToxRp

Results and Discussion

For an improved engineering of NPs with favorable
bioavailability and biodistribution, it is essential to
have an in-depth knowledge of the mechanism(s) of
association and interaction of proteins with the particle
surface and the consequent effect on the structure of
the protein. Towards achieving this goal we studied
the effect of ZnO NPs on the structure of ToxRp,
alone and in the presence of denaturing agents, and
determined the thermodynamic parameters of binding.
ToxRp is the 96-residue C-terminal domain of the
intact ToxR protein, which has a cytoplasmic region
at the N-terminus and a short membrane-spanning
region in the middle. ToxRp is a dimeric protein and
the oligomeric state is stabilized by an intersubunit
disulfide bond involving Cys293 [30]. The elution pro-
file of analytical gel filtration of the NP-treated protein
was very similar to that of the free protein, which con-
firms that the dimeric nature of the protein remains
unperturbed in the presence of NPs (Fig. S1), as can
indeed be expected as a result of the presence of a
disulfide bridge linking the two subunits. Assuming a
1 : 1 stoichiometry of ToxRp and NP, the surface con-
centration of the protein on NPs was found to be
70 pgrem ™ (see the Materials and methods for details).

Intrinsic tryptophan fluorescence

Tryptophan fluorescence is a sensitive monitor provid-
ing information on the structural and dynamic proper-
ties of protein. Protein fluorescence spectra with a
maximum of around 335 nm are characteristic of tryp-
tophan residues buried well within the hydrophobic
core, whereas a spectral maximum of around 350-
355 nm indicates tryptophan residues exposed to the
solvent [31,32]. ToxRp contains only one tryptophan
residue (at position 31), which simplifies the interpreta-
tion of fluorescence changes in the protein. The fluo-
rescence-emission spectra of ToxRp were measured in
both the presence and the absence of ZnO NPs. The
tryptophan fluorescence was also investigated in the
presence of chaotropic agents such as urea and
GdnHCI.

The fluorescence-emission spectrum of free ToxRp
showed a wavelength maximum at 342 nm. On conju-
gation to ZnO NPs (size 2.5 nm), the fluorescence
intensities of the free ToxRp, as well as of the urea-
and GdnHCl-treated ToxRp, were reduced consider-
ably (Fig. 1). For the free ToxRp, upon increasing the
concentration of urea or GdnHCI, the wavelength
maxima shifted to higher wavelengths (the transition
curves are shown in Figs 2 and 3). At about 5 M urea
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807 O ToxRp
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Fig. 1. Fluorescence emission spectra (Aex = 295 nm) of free and

ZnO NP-treated ToxRp in the presence and absence of GdnHCI and
urea.
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Fig. 2. Shift in wavelength (Aay) of free and NP-conjugated ToxRp
at pH 8.0 and 25 °C with increasing concentration of GdnHCI.
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Fig. 3. Shift in wavelength (L) of free and NP-adsorbed ToxRp
at pH 8.0 and 25 °C with increasing concentration of urea.
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and 2.5 M GdnHCI, the spectrum exhibited a peak at
around 356 nm. The decrease in fluorescence intensity
accompanied by the red shift indicates exposure of the
Trp residue to the aqueous environment [31].

Compared with free ToxRp, the ToxRp—NP conju-
gates were more vulnerable to increasing concentra-
tions of either of the chaotropic agents, as reflected in
the significant loss of fluorescence intensity and the
increase in Ap.. Whereas the free ToxRp exhibited a
Amax Of 343 nm in the presence of 1 M GdnHCI, the
value was 352 nm for the NP-treated protein at the
same concentration of GdnHCI. The urea-induced
transition curve for ToxRp bound to ZnO NPs showed
complete denaturation (Agn.x = 350 nm) when the
ToxRp—NP conjugates were exposed to 3 M urea, a
concentration at which the free ToxRp showed a Ay ax
of 347 nm. The unfolding free-energy (AGny) values
were lower for NP-treated ToxRp than for free ToxRp,
in the presence of either urea or GdnHCI, as shown in
Table 1. Dividing AGny by the slope gives the value
for the midpoint of unfolding transition. The
[GdnHC],,» (denaturant concentration corresponding
to the mid-point of transition) for free ToxRp was
1.5 M, whereas that for the NP-conjugated ToxRp was
0.5 M. By contrast, the [urea];,, for free ToxRp
was 3.3 M, as opposed to 2.4 M for the NP-bound
ToxRp. Hence, ToxRp becomes more denatured upon
binding to ZnO NPs and the effect is more severe in
the presence of GdnHCI.

Quenching of tryptophan fluorescence by acrylam-
ide, a collisional quencher, has been widely used to
study the tryptophan environment in proteins [33]. To
assess the solvent accessibility of the single tryptophan
residue of ToxRp, fluorescence experiments were car-
ried out using acrylamide, which quenches on the basis
of physical collision with the excited indole ring of
tryptophan. Figure 4 shows the Stern—Volmer plot for
the quenching of tryptophan fluorescence of free Tox-
Rp and ToxRp-ZnO NP conjugates, as well as of the
samples in the presence of the chaotropic agents
GdnHCI and urea. The Stern—Volmer constants, Kgy,
calculated from the plots, were 5.5 and 7.9 M~ for the
free and the NP-conjugated ToxRp, respectively. In
the presence of either of the chaotropic agents, viz. | M
GdnHCI or 3 M urea, a significant increase in the
quenching efficiency was observed compared with free
ToxRp, as indicated by the increase in Kgy to 6.6 and
7.5 ML, respectively. A further increase in the quench-
ing efficiency was noted for the NP-bound ToxRp in
the presence of 1 M GdnHCI (Kgy 21.7 M™") as well as
in the presence of 3 M urea (Ksy 23.9 M~'). A moder-
ate Kgy value for free ToxRp confirmed the presence
of a buried tryptophan residue, whose accessibility
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Effect of ZnO NPs on ToxRp

Table 1. Two-state analysis of the unfolding of ToxRp using GdnHCI or urea, performed in the presence and the absence of ZnO NP.

GdnHCI Urea

ToxRp ToxRp + ZnO NP ToxRp ToxRp + ZnO NP
AGyy (kcalmol™) 3.14 £ 0.14 0.98 + 0.02 2.05 + 0.07 1.18 = 0.09
mnu (kealmol™-m™) 2.03 + 0.08 1.96 + 0.09 0.62 +0.12 0.49 + 0.12
[dnul2 (M)? 1.54 0.49 3.30 2.40

@ Denaturant concentration corresponding to the midpoint of the transition.

o ToxRp
4.5 © ToxRp + NP
0 ToxRp + 1 m GdnHCl at
4 A o ToxRp + 1 m GdnHCl + NP A o o
A ToxRp + 3 m urea A o
3.51 aToxRp+3wmurea+ NP A
o o
£ 3 8
= A
o
2.5 =

0 002 004 006 008 0.1 012 0.4
[Acrylamide] (m)

Fig. 4. Acrylamide quenching of tryptophan fluorescence of free
and NP-treated ToxRp in the presence and absence of chaotropic
agents such as 1 M GdnHCI and 3 m urea.

increased upon adsorption onto ZnO NPs, as evident
from the higher Kgy value. The values of Kgy are
about three times larger for adsorbed ToxRp in the
presence of either of the chaotropic agents, indicating
a higher accessibility of the quencher to the tryptophan
as it becomes exposed by the unfolding of the protein.

CD measurements

Far-UV CD spectroscopy is one of the most com-
monly used techniques used to analyze secondary
structure and to monitor the structural changes occur-
ring in proteins in response to external factors [34,35].
Figure 5 depicts the far-UV CD spectra of free ToxRp
as well as of ToxRp—ZnO conjugates. A large negative
ellipticity for free ToxRp, of between 210 and 230 nm,
is indicative of the presence of a-helix, and the second-
ary structural content was estimated by deconvolution
of the CD data using CDNN, which employs a neural
network algorithm [36,37]. The results showed that free
ToxRp has an o-helical content of 27% and a random
coil content of 39%. These estimates can be compared
with the predicted values of 26% o-helix and 41% of
coil (Fig. S2), obtained by applying the secondary
structure prediction program PSIPRED to the amino
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Fig. 5. Far-UV CD spectra of ToxRp (10 um in 0.1 M potassium
phosphate buffer, pH 8.0) in the absence and presence of ZnO
NPs.

acid sequence of the protein [38]. On becoming bound
to ZnO NPs (Fig. 5), a significant percentage of sec-
ondary structure was lost — the o-helical content
decreased to 18% with a concomitant increase in ran-
dom coil to 47%. Hence, ToxRp undergoes a signifi-
cant reduction in secondary structure content upon
adsorption onto ZnO NPs.

It has been previously reported that GdnHCI is a
much stronger denaturing agent than urea; upon con-
sideration of the midpoint of transition for protein
unfolding, the relationship [urea]; ,» = 2[GdnHCI]; , is
generally valid for globular proteins [39,40]. When
studying the unfolding of ribonuclease A, GdnHCI
was found to be 2.8 times more effective than urea,
whereas for lysozyme it was 1.7 times more effective
than urea [41]. Although the GdnH" ion and urea are
very similar structurally (as both have a planar struc-
ture), the former has a positive charge that is delocal-
ized over the planar structure. So, the key factor may
be the difference in ionic character, which leads to
preferential binding of the GdnH™ ion on the surface
of the protein that subsequently weakens and perturbs
the electrostatic interactions stabilizing the native
structure [42]. For ToxRp, the [urea];,» value is about
twice that of the [GdnHCI],,, value, but for the
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NP-bound ToxRp it is almost five times higher
(Table 1), showing that together with NP, GdnHCl is a
more potent denaturing agent than urea. For the NP-
treated ToxRp, GdnHCI behaves as a classical denatur-
ant, even at a concentration as low as 1 m (Fig. 2).

Thermal unfolding of the free and the ZnO NP-
conjugated ToxRp was monitored by far-UV CD
spectroscopy. The unfolding process induced by
increasing the temperature was studied following the
ellipticity at 222 nm, as shown in Fig. 6. The results
are reported in terms of the mean residue ellipticity
([0], degrem*dmol™"), which is given by:

1000Mw

[0222] = N (1)

where [0,5,] is the measured ellipticity in degrees, ¢ is
the protein concentration in mg/mL, [/ is the path
length in cm, My is the molecular weight of ToxRp
and N is the number of amino acid residues of ToxRp.
Considering that ToxRp undergoes a two-state transi-
tion between folded (F) and unfolded (U) forms, the
equilibrium constant (K) at any temperature (7) can
be written as:
[F]

K:ﬁ» (2)

where [F] and [U] are the concentrations of the folded
and unfolded forms, respectively. The equilibrium
constant, K, is related to the Gibbs free energy of
unfolding as:

AG = —RTInK, (3)

where R is the gas constant and 7 is the absolute tem-
perature.
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Fig. 6. Variation of ellipticity at 222 nm with temperature.
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Again, the fraction folded at any temperature « is
given by:

o= , 4
[+ 0] W
which is K/(1 + K) and:
_0r—0y
“=g—gr, 5)

where 07 is the observed ellipticity at any temperature
T, 0r is the ellipticity of the fully folded form and
0y is the ellipticity of the unfolded form. To fit the
change of CD at a single wavelength as a function of
temperature 7, the Gibbs—Helmholtz equation was
used:

AG = AH(1 — T/Ty) — AC, Ty [1 — (T/Tn)

- (T/Ty0) In(T/ ), ©

where T is the melting temperature, AH is the change
in enthalpy and AC, is the change in specific heat
capacity from the folded to the unfolded state. Tem-
perature-dependent far-UV CD studies showed discrete
changes of adsorbed ToxRp compared with free pro-
tein, which was characterized by a decrease in molar
ellipticity. By curve fitting, the transition temperatures
were found to be 54 °C for free ToxRp and 33 °C for
NP-conjugated ToxRp, respectively.

Effect of ionic strength on binding of ToxRp to
ZnO NP

If the interaction between a protein and an NP
involves complementary electrostatic surface recogni-
tion, the ionic strength of the medium would be
expected to have an effect on the binding [43]. To
study the effect of ionic strength on the conformation
of ToxRp in the presence of ZnO NP, CD experiments
were carried out in the presence of 0.1, 0.5 and 1 M
KCI. The helical content of the free protein, as indi-
cated by the 6,,, value, increased with the addition of
KCI and reached a maximum at 0.5 M KCI, beyond
which further addition of KCIl did not seem to have
any effect (Fig. 7). NPs have a strong destabilization
effect on the structure of ToxRp. However, in the
presence of KCI the structure was retained, and in
fact, an increase in the helical content was found (simi-
lar to that observed for the free protein). Likewise, the
effect of pH on the ToxRp-NP interaction was also
studied. However, both CD and fluorescence data

4188 FEBS Journal 277 (2010) 4184-4194 © 2010 The Authors Journal compilation © 2010 FEBS

85U8017 SUOWIWIOD BANEaID 3(geotjdde sy Aq peusenob afe sejole VO ‘88N Jo s8|ni Joj Aiq18UlUO AS]1/MW UO (SUOIPUOD-PUe-SLLBYWOD 4B | 1M Ale1q | U [UO//:SANY) SUONIPUOD puUe swis | 8y} 89S *[£202/T0/92] Uo ARiqiauliuo 8|1 ‘X'20820°0T0Z 859Y-Zr. T [[TTTT 0T/I0p/Wwoo A3 |1m Akeid1|pul[UO'SCR)//Sd1Y W) pepeojumod ‘0z ‘0TOZ ‘859v2y.LT



T. Chatterjee et al.

5-
ssmmEguEnaf
0- --.-lllll' §§§§!§i!!iiii
-l"... .vggn‘
IS bl LIT T PPy L “éb
0’::§é
10 oo33a8
N o0 2ag8 )
Y 54 °Z§8 @ Native ToxRp
[9) 4 * °
2 -15 RO Zggg ® Native ToxRp + NP
g ot e
A 204 ‘““““..*”;;gsge A ToxRp + 0.1 m KCI
© s 22§°°°°,°~°;Aﬂogg° o ToxRp + 0.5 M KCI
- ﬁ&agaaééoo;s O ToxRp + 1 M KCI
,3()-°°Ooonoo°°°88 o ToxRp + 0.1 M KCI + NP
o LIPS A ToxRp + 0.5 M KCL + NP
’ © ToxRp + 1 v KCI + NP
—40 T T T T 1
210 220 230 240 250 260

Wavelength (nm)

Fig. 7. Far-UV CD spectra of ToxRp in the presence of varying con-
centrations of KCI in the absence and presence of ZnO NPs.

(Fig. S3) indicated that the effect of NPs on the
protein structure was not influenced by pH.

Results from isothermal titration calorimetry and
the nature of interaction

Isothermal titration calorimetry (ITC) has been used
to assess the affinity and stoichiometry of protein bind-
ing to NPs, directly providing the free energy and
enthalpy of association, whose values then lead to the
change in entropy for the process [44—46]. The thermo-
dynamic parameters for the interaction between Tox-
Rp and ZnO NPs (Fig. 8) are summarized in Table 2.
The interaction involves about two NPs to one ToxRp
and has a favorable enthalpy change (4H < 0) that is
offset partially by an unfavorable entropy (4S < 0),
affording a total free-energy change of —8.3 kcal'mol ™.
The stoichiometry may be explained by the dimeric
structure of the protein providing two binding sites to
NP. A negative 4H signifies more favorable noncova-
lent (such as electrostatic, hydrogen bonding, van der
Waals etc.) interactions between the protein and NPs
than between the two components taken separately
and water. The unfavorable negative-entropy change
may arise from the conformational restriction of the
flexible amino acids of ToxRp, but it also indicates a
lesser contribution of hydrophobic interactions (which
causes an increase in solvent entropy as a result of the
release of water upon binding and burial of hydropho-
bic groups). The free-energy change associated with
the binding is quite similar to that seen in the lyso-
zyme-ZnO NP interaction [22] and those between
other proteins and amino acid functionalized gold NPs
[47].

The ToxRp protein has an isoelectric point (pl) of
5.84 (the theoretical value calculated using the ProtPa-
ram program) [48]. By contrast, the pI of ZnO is ~ 9.5

Effect of ZnO NPs on ToxRp

0.2+
0.1
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Fig. 8. ITC data from the titration of 160 pm ToxRp in the presence
of 16 um ZnO NP. Heat flow versus time during the injection of
ToxRp at 30 °C (upper panel) and the heat evolved per mol of
added ToxRp (corrected for the heat of dilution of the protein)
against the molar ratio (ToxRp to NP) for each injection (lower
panel). The data were fitted to a standard model.

Table 2. Thermodynamic parameters for the binding of ToxRp to
Zn0O NPs, derived from ITC measurements.

Parameter Value (+ SD)

n (NP: protein stoichiometry) 2.27 £ 0.02

K (binding constant, M) (0.9 £ 0.3) x 10°
AH (binding enthalpy, kcal per mol) -9.8+0.8

AS (entropy change, cal per mol-K) -5.17

AG (free energy change, kcal per mol) -8.3

[49,50]. Consequently, under the experimental condi-
tion (pH 8.0) the acidic groups on the protein would
be negatively charged, whereas ZnO NP would become
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positively charged by the absorption of H™ from the
medium, and the ensuing electrostatic interaction
would lead to a degradation of the native structure.
Because of the lack of homology with any known
structure, the three-dimensional structure of ToxRp
could not be ascertained. However, the secondary-
structure predictions (Fig. S2) indicate the presence of
a large number of charged residues in the coil/loop
regions of the molecule, which are likely to be per-
turbed by NPs. The predominant contribution of elec-
trostatic interactions, along with van der Waals
interactions, rather than hydrophobic interactions, is
manifested as the higher contribution of enthalpy,
compared with entropy, in the free energy of binding.
That the electrostatic interaction is important is also
revealed by the effect of salt on the ToxRp-NP inter-
action, with the protein retaining more of its secondary
structures in the presence of salt than in its absence
(Fig. 7), indicating the inhibitory role of salt on the
interaction. The periplasmic domain of ToxR has been
shown to be less compact than the cytoplasmic domain
of the same protein [30], and is possibly prone to
disturbance by charged NPs.

Proteins may be classified as ‘hard’ or ‘soft” depend-
ing on the resistance of the protein to conformational
changes in the presence of NPs [51-53]. The proteins
that readily undergo conformational changes after
adsorption onto NPs are designated as ‘soft’ and those
that can resist conformational changes are ‘hard’. Tox-
Rp should be classified as ‘soft’ in its behavior towards
ZnO NP. The acidic pl and a relatively less compact
structure [30] of the protein, along with the distribu-
tion of the charged groups on various loops/nonregu-
lar regions of the molecule, seem to be ideal for
triggering conformational changes upon adsorption to
positively charged NPs. For such proteins, NPs elicit
the same behavior as that of a chaotropic agent. By
contrast, a ZnO NP, of size 7 nm, increased the helical
content of lysozyme and stabilized the structure
against denaturation by chaotropic agents [25]. This
was caused by the proposed binding of the NP at the
active-site cleft such that the spherical surface of NP
was complementary to the concave surface of the pro-
tein, and tight binding could be achieved without any
large-scale conformational adjustment.

Conclusions

In this work we showed that binding to ZnO NPs can
result in major structural changes of the ToxRp pro-
tein of V. cholerae. Based on the thermodynamic
parameters of binding one can speculate on the nature
of the interaction between ToxRp and ZnO NPs, and

T. Chatterjee et al.

the consequent effect on protein conformation. The
NP-treated protein is more susceptible to denaturation
by chaotropic agents. Relating the affinity of proteins
to NPs would pave the way for NPs being used as bio-
sensors and in drug delivery.

Materials and methods

Materials

Acrylamide, urea, GdnHCI and glycerol were purchased
from Sigma Chemicals (St Louis, MO, USA). All other
chemicals, obtained from Merck (Mumbai, India), were of
analytical grade.

ZnO NPs

The colloidal ZnO NPs used in this study were synthesized
by the modified sol-gel route using zinc acetate dihydrate
[Zn(CH3COO0),2H,0], and sodium hydroxide was used as
a precursor [54]. Zinc acetate (10 mM) was refluxed in etha-
nol for 20 min to obtain a clear solution that was allowed
to cool to room temperature. Then, 20 mm NaOH was son-
icated in ethanol and added dropwise to the zinc acetate
solution with continuous stirring. The ZnO NPs were pre-
cipitated using n-hexane and centrifuged. Spherical ZnO
NPs, of diameter 2.5 nm [54], were obtained by washing
the precipitate with ethanol and then drying at 60 °C. The
particles are stable in solutions at pH 8.

Isolation and purification of ToxRp

Cloning, expression and purification of the ToxRp protein
was carried out as previously reported [30]. The purity of
ToxRp was verified by SDS/PAGE, followed by staining
with Coomassie Blue, which identified a single band indicat-
ing that the protein was essentially pure. The protein concen-
tration was measured spectrophotometrically at 280 nm

using a molar extinction coefficient () of 8604 M~'-cm™'.

Preparation of samples

All samples were prepared in 0.1 M potassium phosphate
buffer (pH 8.0). A 10 uM concentration of ToxRp was used
in all experiments. Before use, the protein solution was
exhaustively dialyzed in 0.1 M potassium phosphate buffer
(pH 8.0) using membrane tubing (Spectra biotech mem-
brane MWCO: 3500; Spectrum Lab, Rancho Dominguez,
CA, USA) at 4 °C. As ZnO NPs have a tendency to form
aggregates in solution, as revealed by a dynamic light-scat-
tering experiment (data not shown), the colloidal suspen-
sion of ZnO was sonicated extensively before use. A 1: 1
molar ratio of NPs and ToxRp was used to study the NP—
ToxRp interaction, and the samples were incubated at

4190 FEBS Journal 277 (2010) 4184-4194 © 2010 The Authors Journal compilation © 2010 FEBS

85U8017 SUOWIWIOD BANEaID 3(geotjdde sy Aq peusenob afe sejole VO ‘88N Jo s8|ni Joj Aiq18UlUO AS]1/MW UO (SUOIPUOD-PUe-SLLBYWOD 4B | 1M Ale1q | U [UO//:SANY) SUONIPUOD puUe swis | 8y} 89S *[£202/T0/92] Uo ARiqiauliuo 8|1 ‘X'20820°0T0Z 859Y-Zr. T [[TTTT 0T/I0p/Wwoo A3 |1m Akeid1|pul[UO'SCR)//Sd1Y W) pepeojumod ‘0z ‘0TOZ ‘859v2y.LT



T. Chatterjee et al.

37 °C overnight. Stock samples of the chemical denaturants
urea and GdnHCI (both 10 M) were prepared immediately
before use. Different amounts of these solutions were mixed
with ToxRp and the mixture was then incubated overnight
at 25 °C. The final concentrations ranged from 0 to 8 M for
urea and from 0 to 6 M for GdnHCI. Each sample was
mixed thoroughly with a different concentration of the de-
naturating agent in the presence and absence of ZnO NPs.

Analytical gelfiltration chromatography

Gel-filtration chromatography was performed to investigate
the oligomeric status of ToxRp after interacting with ZnO
NPs. Analytical gel-filtration experiments were carried out
in an HPLC system (Waters) using a Bio-Sil SEC 250-5 col-
umn (7.8 mm x 300 mm, Bio-Rad, CA). Protein samples, at
a concentration of 1 pgrpL™", were injected one at a time.
The column was pre-equilibrated with 0.1 M potassium
phosphate buffer (pH 7.2) at a flow rate of 0.5 mL/min. The
protein/ZnO NP ratio was maintained at 1:1 and incu-
bated at 37 °C overnight before loading onto the column.

Fluorescence measurements

Fluorescence spectra were recorded using a Hitachi F-3010
spectrofluorimeter fitted with a spectra addition and sub-
traction facility. Slit widths with a band-pass of 5 nm were
used for both excitation and emission. Samples were placed
in a 1-cm path-length quartz cuvette in the spectrophotom-
eter, and intrinsic fluorescence-emission spectra of ToxRp
were recorded from 310 to 410 nm as a function of varying
concentrations of chaotropic agents and/or NP. An excita-
tion wavelength of 295 nm was used to follow tryptophan
fluorescence. The wavelengths at maximum emission inten-
sity (Amax) and the fluorescence intensity at 340 nm were
determined. For the denaturation study, a series of freshly
prepared solutions of different concentrations of GdnHCI
and urea in 0.1 M potassium phosphate buffer (pH 8.0)
were prepared and ToxRp was added to a final concentra-
tion of 10 pM. Blank controls were produced by adding the
same volume of buffer, but with no protein, to the same
volume of GdnHCI and urea solutions.

Quenching of tryptophan fluorescence with acrylamide
was conducted by the addition of small aliquots of 1 M
stock solution to the cuvette; measurements were taken 30 s
later and dilution was taken into account. The Stern—Vol-
mer equation used for acrylamide quenching of tryptophan
fluorescence is:

F,
FO =1+ Ksv[Q], (7)
C

where Fj is the initial fluorescence intensity, Fc is the cor-
rected intensity in the presence of quencher and Ksy is the
Stern—Volmer constant.

Effect of ZnO NPs on ToxRp

Analysis of unfolding data

Unfolding of free and NP-treated ToxRp was monitored by
fluorescence Ayax (dex = 295 nm), as a function of the con-
centration of urea and of GdnHCI. Analysis of denaturant-
induced unfolding curves followed a simple two-state tran-
sition between the folded and unfolded states, N and U
respectively. At each denaturant concentration the observed
signals, S, representing the shift of the fluorescence emis-
sion maxima, were fitted to a two-state equation, as shown
below:

AGNU

_ SNG(T) + SU

S= = (8)
(7)1

The unfolding free-energy (AGny) was assumed to vary
linearly with the concentration of denaturant, [dnu], as:

AGNU = AGEZUO — MNU [dNU]1/2 (9)

The constant myy is related to the difference in solvent-
accessible surface area between the unfolded and the folded
states of the protein.

CD spectroscopy

The far-UV CD spectra (200-260 nm) of free ToxRp and
and NP-treated ToxRp were recorded on a JASCO J600
spectropolarimeter, equipped with a Peltier-type temperature
controller and a thermostated cell holder, using a quartz
cuvette of 1 mm path-length. Scans were taken from 200 to
260 nm at a rate of 5 nm'min~', with a 0.1-step resolution
and 4-s responses. In all measurements, a protein concentra-
tion of 10 pM was used in 0.1 M potassium phosphate buffer
(pH 8.0). CD spectra of the ZnO NPs in phosphate buffer
were recorded exactly as for the text samples, as a control.
The weak CD signal of ZnO NPs was subtracted from that
of the complex. At least three CD spectra were acquired
for each sample and the spectra were averaged. Thermal-
denaturation experiments were carried out by increasing the
temperature from 20 to 90 °C, allowing temperature equili-
bration for 5 min before recording each spectrum.

ITC

The ITC experiment was carried out on a VP-ITC micro-
calorimeter (Microcal, Northampton, MA) at 30 °C. The
protein was thoroughly dialysed for 24 h in 0.1 M potas-
sium phosphate buffer (pH 8.0) before loading. Titration
experiments consisted of 25 successive injections of ToxRp
protein (injection volume 10 pL; concentration 160 pum) into
the reaction cell (1.4 mL) containing ZnO NPs (concentra-
tion 16 um) in 0.1 M potassium phosphate buffer (pH 8.0).
The titration cell was stirred continuously at 310 rpm. The
heat of dilution of the protein solutions when added to the
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